Abstract: Changes in the number and morphometric parameters of A1 neurosecretory neurons (nsn) were analyzed in Lymantria dispar 4 th instar caterpillars, exposed for 3 days to different stressors: cadmium, high temperature and tannic acid. The relative cytoplasm density of A1 nsn was also estimated. Caterpillars reared on a diet supplemented with cadmium exhibited increased size of A1 nuclei (10 and 250 µg Cd per g of dry food weight), increased number of nucleolii in nuclei and raised relative cytoplasm density in all experimental groups. Cadmium obviously induces intensive synthetic activity in A1 nsn. The second stressor was high environmental temperature of 35
Introduction
Hormonal control of development, growth, sexual differentiation and reproduction in general, and biochemical, physiological and behavioral processes in particular, is present in all insect species. Brain secretory structures in insects are neuronal in origin, i.e., neurosecretory cells. Neurosecretory neuron (nsn) is specialized for the synthesis, storage, and release of hormones into circulation (Klowden 2003) . Neurohormones synthesized in pars intercerebralis nsn are the major proteins regulating all biochemical, physiological and behavioral processes. Literature data indicate that median neurosecretory cells of Galleria mellonella (L., 1758) larvae (Muszyńska-Pytel 1987; Bogus & Scheller 1996) located in the same medial part of pars intercerebralis as A1 nsn in gypsy moths', Lymantria dispar (L., 1758), brain (Perić-Mataruga & Lazarević 2004 ) synthesize allatotropic factors (AT) that control the synthesis of juvenile hormones (Veelaert et al. 1995) . Allatotropins are modulators of juvenile hormone synthesis in the corpora allata (Gilbert et al. 2000) . AT are also involved in inhibition of ion transport in the midgut (Lee et al. 1998) , stimulation of foregut contraction (Duve et al. 2000) , locomotor regulation (Rudwall et al. 2000) , and acceleration of heart rate (Koladich et al. 2002) . Small neurosecretory neurons from this region were immunopositive to antiduretic hormone in Manduca sexta (L., 1763) (Davis et al. 1997) . Function of this hormone is excretion of excess metabolic water and restricting metabolite loss. From Lepidoptera corticotropin-releasing factor (CRF)-related peptide has been isolated as one of the three main families of diuretic hormones (Coast et al. 2002) .
More than 100 chemicals in the environment (agricultural, industrial and municipal sources) are known to interfere with the endocrine system of animals (Crisp et al. 1998) . Ecotoxicologists have measured the effects of exposure to endocrine disrupting chemicals (EDCs) at different levels including survival, development, reproductive anatomy and physiology. Some EDCs were designed to disrupt normal endocrine function, while the majority of them produce inadvertent effects in non-target animals as byproducts of other functions. Heavy metals, including cadmium, belong to this second group of EDCs (Rodriguez Moreno et al. 2003; Bondgaard & Bjerregaard 2005) . A significant problem with heavy metals is that they cannot be broken down or destroyed. Cadmium from anthropogenic sources accumulates in leaves consumed by L. dispar and other phytophagous insects. In gypsy moth caterpillars exposed to cadmium, changes occurred at the level of population density and outbreaking population dynamics, susceptibility to parasites and other pathogens etc. (Hare 1992; Bischoff 2001 ). Cadmium appears to inhibit ecdysone secretion and to interfere with hormones that stimulate reproduction (Rodrigez et al. 2007 ).
Environmental endocrine disruptors have varying routes of exposure depending on their inherent physicochemical properties, the external conditions, such as their specific use, and environmental conditions, such as temperature (Lintelmann et al. 2003) . Environmental temperature is one of the most important variables that determine the distribution and abundance of species (Cossins & Bowler 1987) , as well as population density and gradation power. An unsuitable external temperature affects insect metabolism (Ivanović et al. 1992) , postpones or totally inhibits development, increases mortality and the occurrence of small individuals (Honda et al. 1985; Ochieng-Odero 1992; Matsuki et al. 1994) .
The neuroendocrine system is very sensitive to high temperature, which may disturb the regular synthesis and release of neurosecretory material (Ivanović & Janković-Hladni 1991) . Changes in the morphological parameters and activity of dorsomedial and dorsolateral nsn were detected in different insect species (Gruntenko et al. 2000; Leković et al. 2001; Mrdaković et al. 2005) . Increased activity of type A nsn in Lepidoptera after exposure to high temperature was first described by Highnam (1958) in Mimas tilie (L., 1758).
Lymantria dispar is a widespread polyphagous herbivorous insect with a host range estimated at more than 500 plant species (Lance 1983 ). This pest defoliates forest complexes in North Africa, Asia, North Europe and America, during population outbreaks. Optimal habitats are oak forests (Janković 1958) . On the other hand, plants have numerous defensive components, like tannins, alkaloids and terpenoids (Strauss & Zangerl 2002) . Tannins are the most abundant plant secondary metabolites and high concentrations are present in bark, trunk, leaves, yields, seeds and roots (Khanbabaee & van Ree 2001) . Their main function is to protect plants from infection and herbivorous insects (Haslam 1989; Porter 1989) .
Lepidopteran caterpillars feed on oak leaves in the spring. The tannin content of oak leaves increases from a low level in April to at least 2-4% (fresh weight) in September (Feeny 1968) . Tannins reduce growth and survival of numerous herbivores (Lill & Marquis 2001; Nomura & Itioka 2002) , because they make complexes with proteins, carbohydrates and other macromolecules and dramatically decrease or even prevent ingestion and absorption (Kumar & Singh 1984) . Some insects have developed diverse adaptive responses to tannins, such as alkaline conditions in the midgut or high levels of surfactant agents (Appel 1994) or antioxidants to keep tannins in the reduced state (Barbenhenn et al. 2001) .
The effects of allelochemicals, like tannic acid, on gypsy moth physiology and behavior are expressed through increased level of food consumation (Lazarević et al. 2002) and changes at the level of the neuroendocrine system (Perić-Mataruga & Lazarević 2004) .
The environmental presence of heavy metals (cadmium) and global warming (high temperature) change the quantity of plant secondary metabolites (tannic acid) (Bale et al. 2002; Öncel et al. 2000) , and therefore may have an important influence on insect neuroendocrine system. Our aim was to investigate the effects of different types of environmental stressors (cadmium, high temperature and tannic acid) on morphometric parameters and the activity of protocerebral A1 neurosecretory neurons in gypsy moth caterpillars.
Material and methods

Insect rearing
We collected gypsy moth egg masses in a poplar forest at Opovo, 30 km from Belgrade (45
• 03 49 N and 20
• 27 26 E) and kept them in a refrigerator at 4
• C until they were set for hatching. After hatching, caterpillars were reared on a high wheat germ (HWG) diet (O'Dell et al. 1985) in transparent plastic containers (V = 200 ml) at a temperature of 23
• C with a photoperiod of 16L:8D. Caterpillars were offered the basic diet until entry to the 4 th instar, when they were exposed to different stressogenic factors for 3 days.
The first acute stressor was cadmium (Cd). Groups of caterpillars were given HWG diets supplemented with 10 µg, 30 µg, 100 µg, or 250 µg Cd per g of dry food weight or the control group, diet without added Cd (0 µg).
The second acute stressor was a high environmental temperature. Groups of caterpillars were exposed to 35
• C for 1, 12 or 24 h in a thermostat at constant humidity (60%) and with a photoperiod of 16L: 8D. One group was kept at 35
• C for 12 h and then returned to 23
• C for 12 h, for recovery (12/12 h group). The control group (0 h) remained at 23
• C with constant humidity (60%) and a photoperiod of 16L: 8D.
The third acute stressor was tannic acid (Sigma, T-0125) added to the artificial diet. The experimental groups of caterpillars received diet containing 1%, 2.5% or 5% tannic acid for 3 days, after entering hatching into the 4 th instar. The control group (0%) was offered the basic HWG diet.
For all treatments 15 caterpillars were randomly assigned to the experimental groups for histochemistry (n = 15).
Histochemistry
The histological procedure was carried out according to Panov (1980) . After the caterpillars were sacrificed, their brain complexes were dissected out quickly in ice-cold insect Ringer solution and immersed in Bouin's fixative solution for 24 h (Merck). After that, the brain complexes were dissected, rinsed in 70% ethanol (Hemos), dehydrated in a graded series of ethanol (Hemos), impregnated in xylene (Hemos) and then embedded in paraffin wax (Merck 59
• C). Serial sections (3.5 µm) of brain complexes were cut for histochemistry (microtome -'820' Spencer) and collected on 0.2% gelatin/0.05% chrome alum (Sigma)-coated slides. After being dried for 48 h at 37
• C the sections were deparaffinized in xylene (Hemos), rehydrated to 10 mM phosphate buffered saline (Sigma Aldrich), and stained by the modified (Panov 1980 ) Ewens paraldehyde fuchsin technique. Neurosecretory neurons were stained dark purple paraldehyde fuchsin positive (Ewen 1962) . In order to facilitate monitoring of the results we divided the dorsomedial nsn into groups A1, A2 and A1'. The types of nsn can be easily distinguished by their largest diameter, staining affinities, size of neurosecretory granules, and by their protocerebral location (Raab 1982) . On the basis of their morphological characteristics A1 type medial nsn (largest diameter was aproximatly 14 ∼ 15 µm) were easily selected (Perić-Mataruga & Lazarević 2004 ) and neurosecretory granules in A1 nsn cytoplasm were stained different shades of dark purple, while the nucleoli were light pink (Panov 1980) . The activity of protocerebral A1 type nsn was determined by combined monitoring of the following cytological parameters: the size of nsn and their nuclei (expressed as mean values of the smallest and the largest diameters in µm). All samples used in comparative image analysis were imaged under the identical conditions. The data were analyzed by one-way analysis of variance (ANOVA) and post hoc multiple range test (Fisher's least significant difference LSD). A G test (the log-likelihood ratio test) was used to evaluate the significance of differences in the number of nucleoli in A1 nsn nuclei among the experimental groups. The relative cytoplasm density of A1 nsn was analyzed with National Institutes of Health (NIH) software ImageJ 1.42q (NIH, Bethesda, Maryland, USA).
Results
A1 neurosecretory neurons after 3 days exposure of caterpillars to different stressors A1 nsn from caterpillars exposed to different concentrations of cadmium (0, 10, 30, 100 and 250 µg Cd per g of dry food weight) are presented in Fig. 1 , and from those exposed to 35
• C (0 h, 1 h, 12h, 12/12 h and 24 h) in Fig. 2 . These medial nsn from caterpillars fed with different amounts of tannic acid (0%, 1%, 2.5% and 5%) in the basic diet are presented in Fig. 3 .
Changes in number and morphometric parameters of A1 neurosecretory neurons Changes in the number of A1 nsn in response to different acute stressors are presented in Fig. 4 . It is obvious that there was a tendency for their number to increase in the groups fed with diets containing 10, 30 and 100 µg of Cd per g dry food weight in comparison to the control group (Fig. 4A) . After exposure of caterpillars to 35
• C for 12 h a significant increase in number of A1 nsn was detected, as well as for the 12/12 h group, in comparison to the control group (Fig. 4B) . When 1% or 2.5% of tannic acid was added to the basic diet the number of these nsn tended to be lower than in the control group (Fig. 4C) .
The A1 nsn were significantly smaller in the group of caterpillars fed with 30 µg Cd g −1 of dry food (Fig. 5A ) in comparison to the 10 µg group. Exposure of caterpillars to high temperature (35 • C) for 12 h followed by recovery for 12 h at 23
• C (12/12 h group) induced a decrease in the size of A1 nsn (one-way ANOVA, F 4,129 = 4.129, P < 0.024; Fig. 5B ) in comparison to the control group and all other experimental groups. In Fig. 5C we can see that 5% added tannic acid led to a marked decrease in the size of A1 nsn (one-way ANOVA, F 3,71 = 5.296, P < 0.0024) in comparison to the control, 1% and 2.5% groups.
The A1 nsn nuclei were significantly larger after feeding the caterpillars diets with 10 and 250 µg of added Cd g −1 of dry food weight (one-way ANOVA, F 4,188 = 7.650, P < 0.001; Fig. 6A ). A significant decrease in A1 nuclei size was detected only in caterpillars allowed to recover after exposure to 35
• C (one-way ANOVA, F 4,149 = 5.219, P < 0.001; Fig. 6B ). Fig. 6C shows changes in the size of A1 nsn nuclei after feeding the caterpillars with diets containing added tannic acid. A significant decrease was observed in the group with 5% of tannic acid in comparison to the 2.5% group.
We used the G test to analyze changes in the number of A1 nsn with 1, 2 or 3 nucleoli present in the nucleus, after acute exposure to three types of environmental stressors. Significant increases in the number of A1 nsn with 2 or 3 nucleoli were detected in the groups Fig. 3 . Brain transverse cross-sections of Lymantria dispar 4 th instar caterpillars after feeding for 3 days with an artificial diet supplemented with various concentrations of tannic acid (0%, 1%, 2.5% and 5%). Arrows indicate the protocerebral A1 neurosecretory neurons. Scale 10 µm.
offered diets with added cadmium: 10 µg (G = 26.8844, df = 1, P < 0.001), 30 µg (G = 39.8747, df = 1, P < 0.001), 100 µg (G = 24.0999, df = 1, P < 0.001) and 250 µg (G = 33.2953, df = 2, P < 0.001) in comparison to the control group. No significant changes in the number of nsn with 1, 2 or 3 nucleoli were observed in the experimental groups of caterpillars exposed to 35
• C. Addition of 5% of tannic acid to the basic diet led to an increased number of A1 nsn with two nucleoli in comparison to the group given 2.5% added tannic acid (G = 8,3313, df = 1, P < 0.05).
Differences in relative density of neurosecretory material present in cytoplasm of A1 nsn was estimated using program Image J and expressed as change in % in comparison to control group for each treatment (100%). Results are presented in Figs 7A , B and C, depending of acute stressor, respectively. The presence of cadmium in artificial diet induced an increase in density of neurosecretory material, especially in high concentrations (Fig. 7A) , in comparison to control group of caterpillars. From Fig. 7B we can observe that caterpillars exposed to high environmental temperature of 35
• C for different time, as well as caterpillars returned to recover at optimal temperature had similar relative density of neurosecretory material as control group. Gypsy moth caterpillars fed with 1 and 5% of tannic acid added to artificial diet had a decreased relative density of neurosecretory material in cytoplasm of A1 nsn in comparison to control group (Fig. 7C) .
Discussion
Neurosecretory neurons of the medial part of protocerebrum synthesise and release several tropic factors which regulate the levels of neurohormones that participate in regulation of morphogenetic and metabolic Fig. 4 . Changes in the number of A1 neurosecretory neurons (nsn) in 4 th instar Lymantria dispar caterpillars fed for 3 days with an artificial diet supplemented with various cadmium concentrations (0 µg, 10 µg, 30 µg, 100 µg, 250 µg Cd g −1 of dry food weight) (A), exposed to high temperature of 35 • C for 1, 12 and 24 h (groups 0 h, 1 h, 12 h and 24 h) and group exposed to high temperature for 12 h and then returned to 23 • C for 12 h (12/12 h group) (B), fed for 3 days with an artificial diet supplemented with various concentrations of tannic acid (0%, 1%, 2.5% and 5%) (C). Error bars indicate the standard error of the mean (SEM) for n = 15. Different letters (a, b) indicate significant differences between groups (LSD test, P < 0.01).
processes. All stressors can cause changes in the activity of these neurosecretory neurons. Changes in the activity of gypsy moth nsn from pars intercerebralis after acute exposure to cadmium have been previously detected. Bombyxin (small form of PTTH) immunopositive A2 nsn (Ilijin et al. 2011a ) and A1'medial nsn showed increased activity after intoxification (Ilijin et al. 2010, Fig. 5 . Changes in the size of A1 neurosecretory neurons (nsn) in 4 th instar Lymantria dispar caterpillars exposed to different stressors. All abbreviations are the same as in Fig. 4 . Different letters (a, b) indicate significant differences between groups (LSD test, P < 0.01). 2011b). This small form of PTTH plays an important role in metabolic stress responses. The concentration of glucose in hemolymph is a triggering stimulus for the release of bombyxin in starved B. mori larvae (Masimura et al. 2000) . Literature data indicate that medial protocerebral nsn, including A1' nsn, participate in the regulation of digestive processes, affecting the protease secretion in insect gut (Raab 1989; Leković et al. 2001) . This experiment showed a tendency of increased number of A1 nsn (Fig. 4A) , diminished size of these nsn in caterpillars fed with 30 µg Cd per g of dry food weight (Fig. 5A ), higher nuclei size in groups fed with 10 and 250 µg Cd per g of dry food weight (Fig. 6A) , increased Fig. 6 . Changes in the size of A1 neurosecretory neuron nuclei (nsn) in 4 th instar Lymantria dispar caterpillars exposed to different stressors. All abbreviations are the same as in Fig. 4 . Different letters (a, b, c) indicate significant differences between groups (LSD test, P < 0.01).
number of nucleoli in nucleii (G-test) and raised relative cytoplasm density in all experimental groups (Fig. 7A) . All morphometric changes indicate that synthetic activity in A1 nsn of 4 th instar gypsy moth caterpillars is just activated after acute exposure to low, as well as to high concentrations of cadmium. A1 type of nsn locates in the medial part of the L. dispar brain and could be responsible for synthesis of allatotropic neurohormones (Muszyńska-Pytel 1987; Bogus & Scheller 1996) and/or antidiuretic hormone (Davis et al. 1997) . Besides brain, similar content of allatotropins was found in corpus cardiacum (Gadot et al. 1987; Rachinsky et al. 2006 ). Allatotropins maintain a high titer of juvenile hormones that regulate the growth and development (Nation 2008) . Under the influence of dietary cadmium, L. dispar 4 th instar was prolonged, with a reduction in larval mass (Ilijin et al. 2010) , changes known to be a consequence of high levels of juvenile hormones in the hemolymph. Vlahović et al. (2009) found that cadmium induces inhibition of alkaline phosphatase an enzyme whose activity is partially under ecdysteroide control (Nemec & Ženka 1996) . All previously published results from our group and the results of this experiment indicate that, cadmium induce similar effects as starvation in gypsy moth caterpillars. The response to this food deprivation includes changes in endocrine activity, i.e., normal function of neurosecretory neurons is changed.
The stressogenic effect of high temperature may affect stress hormone synthesis (Cusson et al. 1990; Mrdaković et al. 2005) , mortality, body size (OchiengOdero 1992; Matsuki et al. 1994) , etc. High temperatures reorganize the synthesis and release of neurosecretory material from nsn, and consequently they disturb the hormonal balance, as well as development and metamorphosis (Ivanović & Janković-Hladni 1991) . In our previous investigation development of the 4 th instar gypsy moth caterpillars was not prolonged at 35
• C (Ilijin 2009 ), so we presumed that juvenile hormone levels were at a basic level after high temperature treatment. Decrease or just a tendency to decrease, of analyzed morphometric parameters (Figs 2, 5B, 6B, 7B), suggests that acute exposure of 4 th instar caterpillars to 35
• C, as well as 12 h recovery at optimal temperature of 23
• C, reduced the activity of A1 nsn. This type of medial nsn has been previously mentioned as possible site of synthesis of allatotropic and diuretic hormone in gypsy moth caterpillars. Temperature shock alters allatropin and juvenile hormone secretion and induces supernumerary molts (Gruntenko et al. 2000) , but also disturbs the regulation of water balance and Cl − ions (Colburn 1983) . On the other hand, in arthropods, high temperatures modulate the level of K + and Ca 2+ ions and change the activity of cerebral nervous system, neurosecretion and muscular activity. Ca 2+ is an intracellular messenger that controls secretion and metabolism. The reduced activity of A1 nsn could be the consequence of inhibited Ca 2+ influx caused by high temperature. Obviously, acute temperature stress for a short time (35 • C) is out of temperature range with stimulatory effects on growth and survival, but normal synthesis and release of neurohormones is disturbed and changed.
Interactions between herbivorous insect species and their host plants have been for a long time a subject of numerous studies (Ehrlich & Raven 1964; Kessler & Baldwin 2002) . Herbivores need sufficient quantities of good quality food as a resource essential for normal growth, development and reproduction (Awmack & Leather 2002) . On the other hand, plants have accumu- Fig. 7 . Using Image J program differences in relative cytoplasm density of A1 nsn after exposure to different acute stressors were estimated and presented in % in comparison to control groups (100%). Different cadmium concentrations (0 µg, 10 µg, 30 µg, 100 µg, 250 µg Cd g −1 of dry food weight) (A), high temperature exposure for 1, 12 and 24 hours (groups 0 h, 1 h, 12 h and 24 h) and group exposed to high temperature for 12h and then returned to 23 • C for 12 h (12/12 h group) (B), 3 day feeding with an artificial diet supplemented with various concentrations of tannic acid (0%, 1%, 2.5% and 5%) (C). lated different strategies for defense against herbivores, some of which are constantly present, and some are induced only in response to attack by herbivores (Frost et al. 2008) .
Tannins are one of the most important classes of secondary compounds found in high concentrations in all parts of plants. The concentration of tannins varies between plant species (Schultz et al. 1982) , within populations and also over the year, depending on the development phase of the leaves (Laitinen et al. 2000) . Thus, for herbivores that feed at the beginning of the season, when the leaves have a high nutritive value, there are plenty of water and low concentrations of tannins. The negative effect of tannins is grater later in the season, when the leaves are less nutritious, have a small quantity of water and higher tannin content (Forkner et al. 2004) .
We have examined the response of gypsy moth A1 nsn to acute exposure to this nutritive stress. As a widespread polyphagous herbivorous insect living on host plants of different chemical composition, it was necessary for gypsy moths to develop plasticity in the response of the neuroendocrine system to stressful environments. Here we have shown that the activity of gypsy moth A1 nsn is decreased after addition of 5% of tannic acid to the diet (Figs 3, 5C, 6C, 7C ). All estimated morphological parameters did not change after addition 1 and 2.5% of tannic acid. observed that phenotypic response to dietary tannin included a decrease in total protease activity and on the other hand increase in lipase activity. The presence of tannic acid supplemented in artificial diet caused a reduction of larval mass and relative growth rate, so that all defense mechanisms are allocated towards activation of defense and energy metabolism rather than growth. But dietary tannin did not influence duration of the 4 th instar gypsy moth caterpillars (Mrdaković et al. 2011) . Probably, addition of 1 and 2.5% of tannic acid in food did not disturb developmental pattern regulated by neurohormones synthesized and secreted by neurosecretory neurons, while 5% of tannic acid represents stressogenic stimulus to caterpillars.
Using cadmium as a well-known EDC, temperature as an environmental stressor deriving from global warming, and tannic acid, a plant secondary metabolite inducing nutritive stress, we have analyzed the response of one category of neurosecretory neuron (A1 type) to these different environmental stressors. These results contribute to a better understanding of the endocrine response and may assist in the development of more sensitive bioindicators.
